Abstract -Attaining a good positioning control is an important step to be achieved for a robotic hand to safely grasp an object. The safety of the grasped object can be enhanced by providing a compliant control strategy. This paper presents a model reference adaptive compliance controller where a mass spring damper system can be introduced. The performance of model-based adaptive controller with the effect of friction and stiction is investigated. A few mathematical models of friction are considered i.e. static friction (stiction), coulomb friction (dry friction), viscous friction, drag friction and square root friction. It is observed that a good positioning and compliant control are feasible in the presence of friction and stiction in simulation. It is evident that the level of compliant control can be achieved during the object grasped.
I. INTRODUCTION
Traditionally, robots are always located at a highly structured and pre-defined environment which can be found mainly in factories. The tasks such as painting, deburring, polishing and welding required a robot to move from initial to goal positions efficiently, without collisions with obstacles and other robots [1] . Study on the unstructured robot environment (i.e. no prior knowledge) has been the subject of interest for many researchers; particularly when robots are sharing the same workspace or they are working in our 'personal' space [2] . This scenario required researchers to provide and focus on a highly safety issues during interaction. For example, the safety of the object to be grasped by a robot hand, relies on several aspects such as the provision of reliable mechanical structures or mechanisms of the robot, better motion control and feasibility of compliant control [3] , [4] , [5] , [6] . Most of these groups have been successfully controlled the motion of the robot hand and introduced force control during grasping. The main challenge in the motion control problem of rigid robotic hands is the complexity of their dynamics and uncertainties. The fact that the current robotic hand design is complex, small, multiple degrees of freedom [7] , [8] , [9] , [10] , [11] , nonlinear characteristics have always affected the control performance. One of the nonlinear systems that hampered the mechanical or mechanism system is the friction. Friction can be described as the tangential reaction AS. Sadun, J. Jalani force between two surfaces in contact. Frictions can be found in all mechanical system such as servomechanisms, bearings, transmissions, hydraulic and pneumatic cylinders, valves, brakes and wheels. In many cases friction is always treated a problem which deteriorates the performance of the system in particular when achieving high precision system. Moreover, friction is highly nonlinear and may cause steady state errors, limit cycles, and poor performance. Previous studies by [12] , [13] , [14] and [15] have shown that friction must be appropriately compensated in order to achieve accurate motions. It is known that the exact friction model is practically difficult to obtain. Adaptive control lend itself to the approaches where the changes in dynamics of the plant and the disturbances acting on the plant can be compensated. The most commonly used adaptive approaches are the model reference adaptive control (MRAC) and the self tuning regulator (STR). In our case, both adaptation approaches are considered in designing compliant control. In particular the MRAC approach introduced in [16] and the STR technique proposed by [17] will be employed in this research. In addition, adaptive control has some advantages such as it is robust in dealing with uncertainties in constant or slowly varying parameters as well as its ability to compensate disturbances, varying parameters, and unmodeled dynamics [18] .
The safety of the object to be grasped can be enhanced by introducing a compliant control. Compliant control is defined as the allowance of deviations from its own equilibrium position, depending on the applied external force. The equilibrium position of a compliant actuator is defined as the position of the actuator where the actuator generates zero force or zero torque [19] , [20] . Compliant design approaches include passive compliance (i.e. mechanical design), active compliance control (i.e. uses sensor data) and hybrid compliance control [21] . It is noted that many work on compliance or impedance controllers are model-based non-adaptive schemes [16] . Extensive research on model-based non-adaptive schemes can be found in [22] , [23] , [24] and [25] .
Since the performance of the controller may degrade in the presence of system changes and disturbances, a model based adaptive scheme is preferable. The work in [16] is an example of a model based adaptive control. The authors established the adaptive compliance model reference controller applied to a 4 degree of freedom humanoid robotic arm in Cartesian space. The proposed control scheme considered only the general structured of the model such as inertia matrix, coriolis/centripetal and the gravity vectors (i.e. almost no information about the parameters of the robots is required). Moreover, the technique used in [16] was based on the work proposed by [26] . It was easy to implement and resolve some computational issues. Similar technique can be used for grasping control strategy.
The objective of this research is to investigate the effectiveness of the model based adaptive controller in order to achieve a good motion grasping control in the presence of friction and stiction. An active compliant control approach is proposed where a model reference controller of a massspring damper can be introduced. The proposed control scheme is tested on the robotic hand in simulation. In order to illustrate this research, this paper is organized as follows. Section II presents dynamics model of friction and stiction. Section III explains controller design strategies. Section IV discusses simulation and results, followed by conclusion in section V.
II. DYNAMICS MODEL OF FRICTION AND STICTION
Motivated by the previous work on adaptive friction compensation of servo mechanism [15] , the same model of friction and stiction are considered in this paper. The list of friction models is as follows:
A. Static friction (stiction)
The static friction is usually described as follows:
where s f is the maximum stiction coefficient and
B. Coulomb friction (dry friction)
The Coulomb friction is described as below: 
C. Viscous friction
The Viscous friction is described as below:
f is the maximum viscous coefficient.
D. Drag friction
The drag friction is described as
where d f is the drag friction coefficient.
E. Square root friction
The square root friction is described as
where r f is the square root friction coefficient. A rigorous definition of the friction and stiction models can be found in [27] and [28] .
III. CONTROLLER DESIGN STRATEGIES
For controller design, the model
is considered, where m is the generalized mass/inertia, f is a lumped expression for the major nonlinearities i.e. gravity, friction and centrifugal/Coriolis force. However, the force f is mainly affected by friction. The structure of the proposed controller scheme is depicted in Fig. 1 . An illustration of 3 fingers robotic hand of Fig. 1 mainly used for the experimental purpose in the future. In this study, only a single joint is considered to show the effect of fricitons.
A. Adaptive Controller
In the adaptive controller, the following equation represents the control error: 
where fˆ is an estimate of the friction force and m is an estimate of the mass m . The friction force for control can be modeled as a linearly parameterized nonlinear signal:
where 
The value σ introduces a forgetting factor, usually resulting in more robust performance. Note that θ  is responsible for the estimate of m and the weights used in the estimate of fˆ. [17] suggested the following Lyapunov function for closed loop analysis to achieve asymptotic stability for the controller error and bounded stability in the estimates P . 
Then, the equation (20) can be simplified as
Since equation (21) is now a mass spring damper of a second order system, the following equation can be shown. 
IV SIMULATION AND RESULTS
To show the effectiveness of the proposed control scheme, a series of simulations has been carried out based on the dynamic system as in equation (8) . In particular the frictional force of f in equation (8) is defined as follows:
The frictional force f considered here is represented by the Z model which captures most friction behaviours, and the factors in the model are chosen as 001
. Parameter ) (q g  is described as the Stribeck effect (see [15] for detail explanation for the plant used in this simulation). Moreover, demand signals in the range of -0.2 rad, -0.4 rad and -0.6 rad are used in particular to observe for positioning control. Meanwhile, an input constant of -0.2 is selected for compliant control test. 
A. Case 1: Tracking Performance
Case 1 investigates the performance of the tracking control. Different input references -0.2 rad, -0.4 rad and -0.6 rad are selected to observe the performance of tracking control. The results are shown in Fig. 2, Fig. 3 and Fig. 4 C where significant damping is introduced. Nevertheless, difference compliant level has been successfully attained starting from 2 seconds where at this point the external force has been applied (i.e. q follows d q satisfactorily). However, when there is no external force exerted the q follows r q back to initial tracking. These scenarios are depicted in Fig. 7, Fig. 8 and Fig. 9 approximately after 9 seconds, 7 seconds and 6.5 seconds respectively. It is also to note that the q follows r q in the spans of 0 = t second to 2 = t seconds as seen in Fig. 5 to Fig. 9 . increasing the damping factor and lowering the natural frequency, the hand becomes stiffer. This performance can be clearly seen in Fig. 13 . Fig. 10 to Fig. 12 It is to note that due to the space limitation, the time response of the control signal u and the time response of the estimated values are not discussed here.
V. CONCLUSIONS In this paper, the model based adaptive controller is proposed to perform active compliant control. In particular, simulation results show that different levels of compliance are feasible in the presence of friction and stiction. The proposed control scheme is also practical to compensate for the change of dynamic behaviours. A good motion control is satisfactorily achieved. Based on simulation results, practical implementation of the grasping control strategy of a robot hand will be carried out in the future.
